Introduction

Abstract
The quality of heterotrophic bacteria as food for metazoan grazers has been investigated poorly. We conducted growth experiments with juvenile Daphl1ia magl1a feeding on different strains of heterotrophic bacteria that represent typical pelagic bacteria of five phylogenetically distinct groups. The bacterial food suspensions were supplemented with cholesterol and/or the polyunsaturated fatty acid eicosapentaenoic acid (EPA), two essential nutrients that are either absent or scarcely represented in bacteria. Our data imply that the selected heterotrophic bacteria are of poor food quality for D. magl1a, which was indicated either by very low somatic growth rates or by high mortality. However, with four out of six bacterial strains tested, the somatic growth rates increased significantly upon supplementation with cholesterol, which shows that the lack of sterols in bacteria is a major food quality constraint. We did not find clear evidence for a limitation by EPA on bacterial diets within our growth experiments. High mortality was observed when D. magl1a was fed with Hydrogel1ophaga sp. or Pseudomol1as sp., which indicates that these two bacterial strains are toxic to D. magl1a. Our findings highlight the limitations of bacteria as a carbon source for Daphl1ia and point to a so far underestimated diversity of interactions between grazers and its bacterial food.
Heterotrophic bacteria constitute a substantial part of the suspended particulate organic matter in many aquatic ecosystems, thereby forming the base of a complex microbial food web (Azam et aI. , 1983; Sherr & Sherr, 1984) . Hetero trophic flagellates and ciliates prey upon bacteria and are able to restructure bacterial communities towards grazing resistant forms and to suppress bacterial biomass produc tion (Sherr & Sherr, 1984; Fenchel, 1986; Jiirgens et aI., 1994) . Top down effects of metazoan grazers on hetero trophic bacteria are mediated either indirectly by trophic cascades, i.e. by suppression ofbacterivorous protozoans, or by direct consumption of bacteria (Langenheder & Jiirgens, 2001; Degans et aI., 2002) . In particular, filter feeding cladocerans of the genus Daphl1ia, the key herbivores in many freshwater ecosystems, efficiently consume hetero trophic bacteria (e.g. Gophen & Geller, 1984; Brendelberger, 1991; Pace & Cole, 1994) and, like bacterivorous protozoans, are able to shape the bacterial community structure and to suppress bacterial biomass production (Jiirgens, 1994; Lan genheder & Jiirgens, 2001; Degans et aI., 2002) .
Daphl1ia are largely nonselective filter feeders, which do not discriminate between food particles with regard to their nutritional quality (DeMott, 1986) . Analysis of stable isotope patterns and fatty acid biomarkers revealed that heterotrophic bacteria can contribute significantly to the nutrition of Daphl1ia species (Perga et al., 2006; Taipale et al. , 2008 Taipale et al. , , 2009 ). However, the quality of heterotrophic bacteria as food for Daphl1ia has not been investigated thoroughly. Compared with many algae, bacteria are super ior competitors for phosphorus and often characterised by high P:C values (Vadstein, 2000) , suggesting that bacteria are a rich source of phosphorus (Hessen & Andersen, 1990) . Besides phosphorus, however, daphnids rely on a dietary source of essential biochemicals, i.e. polyunsaturated fatty acids (PUFAs) (Wacker & von Elert, 2001; von Elert, 2002) and sterols (Martin Creuzburg et aI., 200Sb, 2008 , which are either absent or hardly represented in bacteria (Napolitano, 1998; Russell & Nichols, 1999; Volkman, 2003) . PUFAs and sterols are indispensable structural com ponents of cell membranes, and both serve as precursors for a number of bioactive molecules. For instance, the long chain PUFAs arachidonic acid and eicosapentaenoic acid (EPA) serve as precursors for prostaglandins, which are thought to be relevant in arthropod reproduction (Harri son, 1990) . Sterols, on the other hand, serve as precursors for steroid hormones, such as ecdysteroids, which are involved in the process of molting (Grieneisen, 1994; Martin Creuzburg et ai., 2007) . Laboratory experiments revealed that daphnids feeding on a cyanobacterial diet are simultaneously limited by the absence of sterols and long chain PUFAs (Martin Creuzburg et al., 2008 ). Here, we investigated the role of sterols and long chain PUFAs in determining the quality of selected heterotrophic bacteria as food for Daphnia. We hypothesized that the absence of essential lipids is a general food quality constraint of prokaryotic food sources. In standardized growth experi ments, juvenile Daphnia magna were fed with different strains of heterotrophic bacteria that represent typical pelagic bacteria from five phylogenetic groups (Glockner et ai., 2000; Pearce et al., 2005; Van der Gucht et ai., 2005) . The bacterial food suspensions were supplemented with sterol and/or EPA containing liposomes to assess the significance of a dietary deficiency in these lipids in deter mining the food quality of these heterotrophic bacteria.
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Materials and methods
Cultivation of food organisms and preparation of food suspensions
Growth experiments were conducted with five strains of heterotrophic bacteria representing typical freshwater mi croorganisms from different taxonomic groups (Pseudomo nas sp. DD1, Microbacterium sp. DD4, Flavobacterium sp. DDsb, Hyd7'Ogenophaga sp. DD8b, Caulobacter sp. BSLl) and one novel as yet undescribed methanotrophic bacter ium (Table I ). The strains were isolated from the guts of D. magna or from water/sediment samples taken from Lake Constance, respectively. They were identified via nearly full length 16S rRNA gene sequencing by GATC (Konstanz, Germany) after PCR amplification (cf. Freese et ai., 2010) and purification (Zymo DNA Clean and Concentrator). The sequences were visually controlled, aligned using BIOWIT software, version 7.0.5.3 (Hall, 1999) , and finally compared with sequences in the GenBank database using the BASIC LOCAL ALIGNMENT SEARCH TOOL (BLAST) (Altschul et al., 1997) . The sequence data were submitted to GenBank and were provided with GenBank accession numbers ( Table I) .
The bacterial strains were grown in mineral medium containing 0. of either glucose, glucose and fructose, or glucose enriched with yeast extract as carbon sources to increase the growth rates and biomass production (Table I) .
Hydrogenophaga sp. was cultivated in Ml (nutrient broth) to obtain high biomass, and the methanotroph was grown under 30% methanel70% air. Bacteria were grown at 20 D C and harvested daily in the late exponential and early station ary phases. Cells were centrifuged (10 min, 4500 g) washed, and resuspended in sterile filtered and autoclaved Lake Constance water. Aggregates were dissolved by vortexing and sonication for 30 s. In order to add defined numbers of bacteria to the growth experiments (Table I) , cell numbers were determined in a Helber counting chamber using a Zeiss Axiophot microscope.
The green alga Scenedesmus obliquus (SAG 276 3a) was used as food for stock cultures of D. magna and as a reference food in the growth experiments. It was grown in semi continuous batch cultures as described in Martin Creuzburg et al. (2005b) and harvested in the late exponen tial growth phase. Carbon contents of the autotrophic food suspensions were estimated from photometric light extinc tions (800 nm) and from previously determined carbon extinction equations.
Daphnia growth experiments
Stock cultures of D. magna (originally isolated by Lampert, 1991) were raised in filtered lake water (0.2 11m pore sized membrane filter) and saturating concentrations of S. obliquus.
Growth experiments were carried out with third clutch neo nates (born ± 6 h) at 20 D C in glass beakers filled with 200 mL of filtered lake water ( < 0.2 11m). Each treatment consisted of three replicates with five D. magna per beaker. Animals were transferred daily into new beakers with freshly prepared food suspensions. Two experiments were conducted with different food concentrations. In the first experiment, daphnids were exposed to low food concentrations, i.e. 6.6 x 10 6 cells mL -I , which is equivalent to approximately 0.3 0.4 mg C L -I. In the second experiment, bacteria were provided at high concentra tions, i.e. 4 (in one case 1.3) x 10 7 cellsmL-1 , equivalent to approximately 2 2 4.3 mg C L -I (Table 1) .
In both experiments, bacterial food suspensions were supplemented with either 100 ~IL of control liposomes (no sterols, no PUFAs), 50 ilL cholesterol containing liposomes, 50 ~IL EPA containing liposomes, or simultaneously with 50 ilL cholesterol and 50 ilL EPA containing liposomes per beaker. The two treatments that contained either cholesterol or EPA containing liposomes were additionally supplemen ted with 50 ilL of control liposomes to maintain constant carbon concentrations, i.e. each beaker was supplemented in total with 100 ~IL of liposome suspension. Liposome stock suspensions were prepared as described in Martin Creuzburg et al. (2008) . Both experiments were completed by a con comitant starvation treatment and a treatment containing 2 mg C L -I of S. obliquus. Subsamples of the experimental animals were taken at the beginning and at the end of an experiment, dried for 24 h, and weighed on an electronic balance (Mettler Toledo XP2U; ± 0.1 ~lg). Juvenile somatic growth rates (g) were determined as the increase in dry mass from day 0 (Mo) to day 6 (M 6 ) of the experimental period (t = 6 days) using the equation: g = (lnMr, -lnMo)lt. Clutch sizes were estimated by counting the eggs in the brood chambers of the animals at the end of each experiment.
Fatty acid and sterol analyses of bacterial food suspensions
For analysis of fatty acids and sterols, at least 5 x 10 9 cells were harvested by centrifugation, washed, freeze dried, and stored at -80 "c. Total lipids were extracted three times from freeze dried samples with dichloromethane/methanol (2: 1 v/v) and the pooled cell free extracts were evaporated to dryness with nitrogen. Lipid extracts were transesterified with 3 mol L -I methanolic HCl (60 "C, 15 min) for analysis oHatty acids or saponified with 0.2 mol L -I methanolic KOH (70 D C, 1 h) for analysis of sterols. Subsequently, fatty acid methyl esters (FAMEs) were extracted three times with 2 mL iso hexane; the neutral lipids were partitioned into iso hexane: diethyl ether (9: 1 v/v). The lipid containing fraction was evaporated to dryness under nitrogen and resuspended in a volume of 10 20 ~IL iso hexane. Lipids were analyzed by GC on an HP 6890 GC equipped with a flame ionization detector (FID) and a DB 225 O&W Scientific) capillary column to analyze FAMEs or with an HP 5 (Agilent) capillary column to analyze sterols. The details of the GC configurations are given elsewhere (for fatty acids, Martin Creuzburg et al., 2010; for sterols, Martin Creuzburg et aI., 2009) . Lipids were quantified by comparison with internal standards (C23:0 ME; 50( cholestan) using FID and identified by their retention times (bacterial acid methyl ester mix, Sigma Aldrich) and their mass spectra, which were recorded using a gas chromato graph mass spectrometer (Finnigan MAT GCQ) equipped with a fused silica capillary column (DB 225MS, J&W Scien tific for FAMEs; DB 5MS, Agilent for sterols). Sterol samples were analyzed in their free form and as their trimethylsilyl derivatives. Spectra were recorded between 50 and 600 amu in the EI ionization mode. The limit of quantitation was approximately 20 ng for fatty acids or sterols. The absolute amount of each lipid was related to the particulate organic carbon (POC), which was determined from bacterial suspen sions concentrated in tin capsules for liquid samples using an NCS 2500 analyzer (ThermoQuest GmbH, Egelsbach, Germany).
Statistical analysis
Somatic growth rates of D. magna were analyzed using one way ANOYA. Treatments in which only one or no animal per beaker survived were excluded from the ANOYAS. ANOYAS were carried out using the general linear model module of S'liITISTICA 6.0 (StatSoft Inc., Tulsa, OK). Raw data met the assumption of homogeneity of variance; treatment effects were tested using Tukey's honestly significant difference (HSD) post hoc tests.
Results
Sterol and fatty acid composition of the food sources
Sterols could not be detected in any of the bacterial strains. Chondrillasterol [(22E) SIX poriferasta 7,22 dien 3p 01), fun gisterol (SIX ergost 7 en 3p 01), and 22 dihydrochondrillaster 01 (SIX poriferast 7 en 3p 01) were the principal sterols found in the green alga S. obliquus (in total 7.1 ± 0.7 Ilgmg-I C) . The fatty acid composition of all the bacterial strains was domi nated by short chain saturated (14:0, 16:0, 18:0) and mono unsaturated fatty acids (16:1n 7, 17:1n 7, 18:1n 9/n 12). Significant amounts of branched chain fatty acids (iso and/or anteiso 15:0) were detected in Caulobacter sp., Microbacterium sp., and Flavobacterium sp. PUFAs could not be detected in any of the bacterial strains. The green alga S. obliquus contained high amounts of 18:2n 6 and 18:3n 3, but no PUFAs with more than 18 carbon atoms.
The supplemented liposomes did not differ in their contents of palmitic acid (16:0) and oleic acid (18:1n 9), which are both components of the phospholipids used to prepare the Iiposomes (Martin Creuzburg et aI., 2008) .
Liposomes prepared in the presence of EPA contained considerable amounts of this fatty acid (12.8 Ilg in 50 ilL of Iiposome stock suspension) and Iiposomes prepared in the presence of cholesterol contained considerable amounts of this sterol (14.1 Ilg in 50 ilL of Iiposome stock suspension), but neither EPA nor cholesterol was detected in liposomes prepared without supplementing these compounds.
Somatic growth rates, clutch sizes, and mortality of D. magna
In general, juvenile somatic growth rates of D. magna grown on unsupplemented bacteria were much lower than somatic growth rates obtained with the green alga S. obliquus (Figs 1   and 2 ). In the first experiment with low food concentrations (Fig. 1) Daphnia magna did not produce eggs within the experi mental period (6 days) in any of the bacterial treatments, except for a single animal, which was fed with cholesterol and EPA supplemented Flavobacterium sp. Daphnia magna fed the green alga S. obliquus produced 9.1 ± 1.4 eggs per individual (± SD) within the experimental period. In the starvation treatment, all animals died within 4 days. Animals fed Hydrogenophaga sp. all died within 2 days of feeding, irrespective of lipid supplementation (Fig. 3) . In all the other food treatments, mortality was negligible.
In the second experiment with high food concentrations (Fig. 2) (Fig. 3) .
The growth rates of animals fed Flavobacterium sp. or Caulo bacter sp. increased upon cholesterol supplementation almost to the level obtained with the green alga S. obliquus (Fig. 2) (Fig. 3) . The animals did not die as quickly as when exposed to Hydrogenophaga sp.
(first experiment), but their number decreased continuously after the third day of incubation even more rapidly than the starved animals. Mortality was slightly reduced when Pseudo monas sp. was supplemented with control Iiposomes or EPA containing liposomes, but these animals hardly survived the experimental period. In all the other bacterial food treatments, . dQ"wtlW'fffijWMI!Wil'!li1l.1lJ
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Essential lipids and food quality of bacteria
Here, we have shown that the heterotrophic bacteria used in our study were of poor food quality for D. magna when they were provided as the sole food source, which was indicated by very low somatic growth rates or increased mortality. With four out of six bacterial strains tested, the somatic growth rates of D. magna increased significantly upon sterol supplementation. Hence, the absence of sterols in bacteria is a major food quality constraint. The positive effect of sterol supplementation was in general more pronounced at high bacterial food supply (second experiment), which adds to the general view that the effects of food quality increase with food quantity (Sterner, 1997 Martin Creuzburg et al., 2005b . Without sterol supplementation, animals exposed to high concentrations of Flavobacterium sp. did not survive the experimental period and died even faster than starved animals, which suggests that Flavobacterium sp. provided as the sole food source in high concentrations is harmful for D. magna and that this putatively adverse effect disappears in the presence of cholesterol. However, the mechanisms underlying this observation remain unclear and should be subjected to further investigations. Irrespective of the bacterial strain used as food, supple mentation with EPA did not improve the somatic growth rates of D. magna, which suggests that somatic growth on a bacterial diet is not affected by a dietary EPA deficiency. The 
only positive effect on EPA supplementation was observed in the first experiment with Flavobacterium sp. as food. In this case, simultaneous supplementation with cholesterol and EPA led to slightly increased somatic growth rates compared with cholesterol supplementation alone, a pattern that had been observed previously with cyanobacterial food suspensions (Martin Creuzburg et aI., 2008 . Interest ingly, this positive effect on EPA supplementation disap pea red when Flavobacterium sp. was provided at high concentrations (second experiment). In previous studies, we have shown that dietary EPA is primarily important for reproduction of D. magna (Martin Creuzburg et aI., 2008 . In the first experiment, D. magna did not produce eggs within the experimental period in any of the bacterial treatments, except for a single animal that was fed Flavobac terium sp. supplemented with cholesterol and EPA simulta neously. In the second experiment, D. magna produced eggs only when fed cholesterol supplemented Flavobacterium sp., but additional EPA supplementation reduced egg produc tion. Overall, we did not find clear evidence for a limitation by EPA on bacterial diets within our 6 day long growth 
Toxicity of bacteria
It has been recognized that a number of bacterial strains isolated from aquatic habitats produce a variety of second ary metabolites that are biologically active towards proto zoan and metazoan grazers and hence are discussed as antipredator compounds (Jensen & Fenical, 1994; Matz & Kjelleberg, 2005; Matz et aI., 2008) . For instance, the purple pigment violacein, which was extracted from three different bacterial genera (Chromobacterium, Janthinobacterium, and Pseudoalteromonas), has been shown to act as a potent toxin against several freshwater bacterivores, among them D. magna (Deines et aI., 2009) . In our study, juvenile D. magna feeding on Hydrogenophaga sp. died rapidly irrespective of lipid supplementation, indicating high toxicity. This is an interesting finding especially because this Hydrogenophaga strain was isolated from the gut of adult D. magna and belongs to the same family (Comamonadaceae) as Limnoha bitans sp., which dominates the bacterial community within the gut of D. magna (Qi et at., 2009; H.M. Freese & B. Schink, pers. commun.) . High mortality was also observed when animals were exposed to high concentrations of a Pseudomonas strain that was also isolated from the guts of adult D. magna. Species of the genus Pseudomonas belong to the most common bacter ia in aquatic habitats (Pearce et at., 2005) and previously have been found to be associated with Daphnia (Qi et at., 2009) . Some Pseudomonas species/strains are known as vertebrate and invertebrate pathogens, such as Pseudomonas aeruginosa (Ziprin & Hartman, 1971; Tan et al., 1999; Jander et at., 2000) , or the recently described Pseudomonas entomo phila, which can orally infect and kill Drosophila and other insect species (Vodovar et at., 2005) . Pseudomonas strains have been shown to produce secondary metabolites that inhibit or kill various invertebrates, including Daphnia (Sinden et at., 1971; Padmanabhan et at., 2005) , or to slowly kill their hosts via an infection like process while accumu lating in their intestine after consumption (Tan et at., 1999) . The differences in the strength of the negative effects observed in the two experiments in our study might be due to the different concentrations at which Pseudomonas sp. was fed to D. magna and hence to the different con centra 
Ecological implications
Our data support the hypothesis that a high share of prokaryotic food sources within the edible size fraction of Lake Seston leads to a sterol limitation of Daphnia species, as prokaryotes generally do not contain sterols (Volkman, 2003; Summons et at., 2006) . This might be important in eutrophic lakes, in particular during cyanobacterial blooms in which cyanobacteria dominate the phytoplankton (Mar tin Creuzburg et at., 2008) , but also in meso to oligotrophic clearwater and humic lakes in which heterotrophic bacteria can account for the major fraction of suspended POC (Hessen, 1985; Simon et at., 1992) . In previous experiments, using different mixtures of the sterol containing green alga S. obliquus and the sterol free picocyanobacterium Synecho coccus elongatus as food, we have estimated that Daphnia species require at least 50% of the green alga, i.e. eukaryotic carbon, in their diet to compensate for a dietary sterol deficiency (Martin Creuzburg et aI., 2005b) . Hence, the ratio between pro and eukaryotic carbon within Lake Seston may determine whether or not Daphnia species are limited by a low availability of sterols, which in turn may affect the efficiency with which prokaryotic carbon is transferred to higher trophic levels.
In contrast to Daphnia, heterotrophic protists grow efficiently on bacterial diets (Sherr & Sherr, 1984; Fenchel, 1986) , which suggests that they do not require a dietary source of essential lipids. Both heterotrophic nanoflagellates and ciliates have been shown to upgrade cyanobacterial carbon for subsequent use by Daphnia, which has been attributed to the de novo synthesis of essential lipids by the protozoans (Martin Creuzburg et aI., 2005a Bec et aI., 2006) and/or to the detoxification of cyanobacterial food (Bec et aI., 2006) . This adds to the general view that heterotrophic protists playa significant role in transferring prokaryotic (picocyanobacterial and bacterial) carbon to higher trophic levels (Sherr & Sherr, 1984) . Metazoan grazers differ significantly in their ability to feed on bacteria.
In contrast to copepods, which prey inefficiently on small particles ( < 5 Ilm), daphnids nonselectively feed on a large size range of particles, which includes bacteria and bacter ivorous protozoans (DeMott, 1986; Jurgens, 1994) . Hence, copepods may indirectly use (already upgraded) bacterial carbon by consuming bacterivorous protozoans, whereas Daphnia species directly feed on the nutritionally inade quate bacteria, which may have consequences for the zooplankton community structure, in particular in meso to oligotrophic systems with a high share of bacterial carbon. However, even within the genus Daphnia, species differ in their efficiency to filter feed on natural bacterio plankton (Gophen & Geller, 1984) and, considering our data, this suggests that species able to efficiently exploit bacterial food are particularly prone to a limitation by sterols. On the other hand, besides the deficiency in essential lipids, bacteria may provide a significant source of carbon and elemental nutrients (Hessen & Andersen, 1990; Vad stein, 2000) , so that a high share of bacterial carbon within the edible size fraction of Lake Seston may reduce carbon or phosphorus limitation and hence may increase the popula tion growth of Daphnia, especially in oligotrophic lakes (Hessen & Andersen, 1990) . It remains to be tested how different mixtures of algae and bacteria support somatic and population growth of Daphnia species under various envir on mental conditions (e.g. nutrient availabilities). Moreover, the diversity of heterotrophic bacteria in freshwater ecosys terns is high and even strains belonging to the same species often differ considerably in their ecophysiology, for example,
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in their capability to produce potentially toxic secondary metabolites (Lengeler et aI., 1999) . Hence, more studies are required before we are able to assess the significance of heterotrophic bacteria for the nutrition of Daphnia in the field.
